Twenty-one wether lambs averaging 30.0 kg were utilized in a study to determine the influence of level of muscular activity (via electrical stimulation) on metabolism of amino acids and glucose of isolated-perfused hind limbs. Treatments consisted of." (1) control, (2) low electrical stimulation and (3) high electrical stimulation. Mean perfusion flow rate was unaffected by treatment or time of perfusion. Perfusion pressure and hematocrit were increased (P<.05) by stimulation. Glucose levels decreased from a pretreatment average of 44.7 to 41.3, 26.8 and 20.0 mg/dl for treatments 1 to 3, respectively. Lactic acid levels increased from the pretreatment mean of 37.7 to 46.7, 63.8 and 69.4 mg/dl, respectively. Plasma-free fatty acids were utilized from the perfusate at .84, .76 and .68 tneq,liter -1 .min -1, respectively. Perfusate urea N levels were unaffected by treatment or time of sampling, but perfusate ammonia levels increased in all treatments (ammonia levels for treatments 1 to 3 increased by .50, 1.09 and 1.47 mg/dl, respectively). Perfusate amino acid changes suggested a flux of some amino acids from muscle to perfusate due to electrical stimulation, but perfusate branched chain amino acid concentrations decreased in all treatment groups. Fifty microcuries of 14C-lysine were included in the initial perfusate. Total perfusate radioactivity in all treatments declined with time, reflective 1This paper (no. 82-5-25 West Chester, PA 19380. Received February 22, 1982. Accepted December 19, 1983 of lysine uptake by the muscle. Total perfusate lysine concentration changed less markedly, suggesting that muscle is contributing to maintenance of plasma amino acid levels. Muscle lysine uptake was highest for the control group and lowest at the high level of stimulation, indicating that cellular uptake and incorporation into muscle protein was impeded by muscular stimulation.
Introduction
The plasma pool serves as the principal source of amino acids for muscle growth and metabolism. Because it reflects the balance between absorption and tissue metabolism, free amino acid concentrations are influenced by a variety of dietary, ruminal, hormonal and related factors. Ruminal biosynthetic insufficiencies to meet tissue requirements have been shown via abomasal infusion studies in sheep (Schelling and Hatfield, 1968) and cattle (Burris et al., 1976) . In the intact animal, hepatic influences and muscular activity modify the plasma amino acid profile, especially when measurements are made in the peripheral vascular system. Therefore, utilization of in vivo plasma amino acid profiles as related to animal growth has proven less than successful in several instances (Amos et al., 1970; Boling et al., 1972; Cross et al., 1974c) . Extrahepatic influences of muscle activity on amino acid metabolism in ruminants have not been reported. Studies from this laboratory have shown that the isolated-perfused hind limbs of sheep provide an adequate system for assessing amino acid uptake and metabolism by ruminant muscle (Cross et al., 1974a,b; Boling et al., 1977) . The objective of this experiment was to study glucose and amino acid metabolism in perfused ovine hind limbs as affected by level of muscular activity. Muscular activity was produced by graded
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Experimental Procedure
Twenty-one growing wether lambs averaging 30 kg in weight were utilized in a completely randomized design to study the influence of electrically stimulated muscular activity on amino acid and glucose metabolism in ovine hind limbs. Isolation-perfusion techniques previously developed in our laboratory (Cross et al,, 1974b) were utilized. The lambs were allotted to three treatment groups with seven lambs/treatment. The wethers from which the hind limbs were isolated and perfused were fed 1.0 kg daily of a diet consisting of 55.5% cracked corn (IFN 4-02-931), 18.3% soybean meal (IFN 5-04-604), 25.0% cottonseed hulls (IFN 1-01-599), .5% trace mineralized salt and .7% calcium carbonate. The lambs were fasted for 24 h before surgical removal of the hind limbs. Immediately before surgery, a jugular vein was catheterized and sodium pentobarbital (60 mg/ml) was injected until light anesthesia was obtained. Subsequent injections were administered as needed to maintain sufficient anesthesia. After catheterization, the hind limb preparation was surgically removed at the fourth lumbar vertebra and the lamb was sacrificed. The preparation was immediately weighed and placed in a plexiglass chamber for perfusion. Residual blood in the hind limbs was removed by perfusing with an oxygenated wash-out solution consisting of 750 ml of a Krebs Ringer-bicarbonate solution with 12% dextran (MW 40,000) for 3 rain. Upon completion of the wash-out period, the experimental perfusate was introduced. This marked the initiation of perfusion and was denoted as time 0. Glucose was infused into the perfusion system at the rate of 28 mg. kg hind limb-l.h -1. The source of electrical stimulation was a Narco Bio-Systems physiograph s with an electrical stimulator module. Hypodermic needle electrodes were inserted into the brachial plexus of each limb. Stimulus frequency (1 pulse/s) and duration (.5 ms)were the same for both low and high stimulated groups. The low and high stimulated groups received s Narco Bio-Systems, Inc., Houston, TX. 6 New England Nuclear, Boston, MA. 60 and 120 V charges, respectively. The whole blood perfusate utilized in this experiment consisted of 2.15 liters of whole blood, 50 /aCi of [14C] -L-Lysine (UL, specific activity 240 mCi/mmol) 6 and 150 ml of a modified Krebs-Ringer bicarbonate solution. The KrebsRinger solution contained 12.0 g dextran (MW 40,000), 20 mg NaHCO3, 860 mg NaC1, 30 mg KC1, 33 mg CaC12, 29 mg MgSO4.7H20 and 16 mg KH2PO4/100 ml. The whole blood utilized in the perfusate was taken from a group of donor wethers that were maintained on an identical diet fed ad libitum. Blood was collected immediately before perfusion in 2-liter vacuum flasks that had 3 ml of 1% silicone solution and 20,000 units of heparin added.
The perfusate was allowed to circulate for 2 rain before perfusate samples were taken. During this period, pressure and flow rates were regulated. Perfusate samples of 15 mt were collected at 2, 17, 32, 62, 92 and 122 rain. Perfusion pressure, flow rate, temperature, hematocrit and pH were measured at these times. Immediately after termination of perfusion, four muscle samples (approximately 2.5 cm 3) were taken from the rectus femoris and longissimus muscle, composited by weight and frozen for subsequent analysis.
Hematocrit was determined at all sampling times by measuring packed red blood cell volume after centrifugation in a hematocrit centrifuge. Blood pH was determined with a standard pH meter. Perfusate samples were centrifuged at 3,000 • g for 15 rain and resultant plasma frozen for later analyses. Perfusate free amino acid concentrations at 0-, 2-and 122-rain sampling times were determined according to the procedure of Benson et al. (1967) . Before amino acid analysis, plasma proteins were precipitated by the addition of 5-sulfosalicylic acid (5% w/v) and centrifuged at 12,000 x g for 15 min. Plasma urea N (Skeggs, 1957) and glucose (Dahlquist, 1964) were determined using the methods as adapted to autoanalyzer techniques. Ammonia concentration of plasma was measured by the procedure of Bolleter et al. (1961) as adapted by Imler et al. (1971) . The automated enzymatic procedure of Hochella and Weinhouse (1965) was utilized for blood lactic acid determination. Free fatty acids (FFA) were determined by an adaptation of the method of Mikac-Devic et al. (1973) to autoanalyzer techniques. Radioactivity in whole and deproteinized plasma and whole, trichloroacetic acid (TCA) precipitable and soluble muscle was determined by liquid scintillation spectrometry 7. Before counting, plasma was deproteinized as previously described for amino acid analysis. Muscle samples to be analyzed for radioactivity were taken after 122 min of perfusion. A portion of whole muscle was weighed and solubilized with tissue solubilizer (Protosol) 6 for determination of whole muscle radioactivity. Using a Potter Elvehjem tissue homogenizer, another portion of whole muscle was homogenized with 3 ml of 10% trichloroacetic acid/g of tissue. The homogenate was then centrifuged and washed three times; the first wash was with 10% TCA and subsequent washes were with distilled-deionized water. The precipitate from these centrifugations was used to measure radioactivity in TCA precipitable protein of muscle. The supernatant from the homogenate was counted for determination of muscle free amino acid radioactivity. All plasma and muscle samples were counted in 15 ml of scintillation liquid (Biofluor) 6, using standard curves developed to correct for quenching. Total muscle protein was determined by precipitating the protein from an aliquot of homogenized tissue with 3 ml of 10% TCA/g of tissue followed by Kjeldahl analysis (AOAC, 1975) . Muscle dry matter was also determined by AOAC (1975) methods. Data were analyzed by analysis of variance using the Statistical Analysis System of Barr et al. (1976) .
Results and Discussion
The hemodynamic measurements (flow, pressure, hematocrit, edema) of an isolated limb perfusion system provide a rapid, reliable indication of tissue viability and treatment effects. Perfusate flow rate was closely monitored during the 122-min perfusion so that variation in flow rate was minimize~a. Flow rates averaged 415, 415 and 417 ml/:~in for control, low and high-stimulated treatmew ~ groups, respectively. Perfusate pressure averaged 37.4 mm Hg initially and was similar among groups until the 62-min sampling time, 7Packard Tri-Carb, Packard-Instrument Co., Downers Grove, IL. when a small increase in pressure was observed with each level of stimulation. The values increased until the 122-min sampling time and averaged 40.0, 41.1 and 43.7 mm Hg, when both low and high stimulated groups had higher (P<.05) perfusion pressures. This was probably due in part to the development of edema caused by muscle stimulation. Perfusate hematocrit averaged 29.8% initially. Hematocrit increased consistently at the high level of stimulation and was higher (P<.05) than the other two treatment groups at the last sampling time (29.5, 29.4 and 33.0%, respectively). This is in agreement with Jarrett et al. (1976) , who observed a 20% increase in arterial hematocrit in exercised sheep. They proposed that this was related to a mechanism to allow for increased 02 transport. A further indication of tissue edema due to stimulation was the differences in the change in weight of the hind limbs between the beginning and end of each perfusion. The mean increase in hind limb weight for the control group was 50 g, while the average increases were higher (P<.05) for the low and high stimulated groups (240 and 280 g, respectively).
Changes in perfusate pH and lactic acid are shown in table 1. Differences in pH (P<.05) due to treatment were observed by 17 min and became more evident at each succeeding sampling time. Concomitant increases (P<.05) occurred in lactic acid concentrations at both levels of stimulation. In this situation, as has been observed during prolonged periods of muscular exercise in vivo (Wahren et al., 1971; Jarrett et al., 1976) , it is likely that anaerobic glycolysis assumes an increased role in ATP production. As anaerobic glycolysis increased, a simultaneous increase would be expected in lactic acid production due to muscular stimulation. The decrease in pH probably reflects to a great degree the differential levels of lactic acid produced.
The change in glucose concentration during perfusion is shown in table 2. Even though glucose was continuously infused in all treatments (28 mg.kg hind limb-X.h-1), glucose levels decreased after 17 min of perfusion (this initial lag has been observed by other researchers; Szabo et al., 1969) , and is likely due to initial utilization (or depletion) of muscle glycogen reserves. Increased muscular stimulation caused greater decreases in glucose concentration at the 32-min sampling time and thereafter, because of the increased energy muscle metabolism was increased during needs of the exercised muscle. The increased exercise in the intact animal. glucose utilization was paralleled by decreased
Other blood metabolites may also conperfusate pH and increased lactic acid productribute to the supply of energy for supporting tion. This is in agreement with Jarrett et al. muscle metabolism. Jarrett et al. (1976 Jarrett et al. ( ) re-(1976 , who found that little glucose was ported that FFA were the principal energy oxidized further than lactate by the hind substrates for muscle in fed sheep at rest limbs of fed, fasting and starved sheep. Howand during exercise. The rates of disappearance ever, the energy supplied from glucose for of FFA (from time 17 through 122, corre- sponding to the time of rapid glucose utilization) were .843, .765 and .678 peq FFA,liter-l.min -1 for treatments 1 through 3, respectively. This was not in agreement with Jarrett et al. (1976) , who reported increased uptake of FFA during exercise by the hind limbs of sheep in vivo. This was probably due to the in vivo influence of insulin and glucagon as mediated by plasma metabolites. Ahlborg et al. (1974) noted, in humans, that prolonged exercise led to dramatically increased glucagon levels and decreased insulin levels, which led to increased FFA utilization. Changes in perfusate ammonia levels during perfusion are shown in table 3. Differences (P<.05) were observed in the production of ammonia at the 32-rain sampling time and thereafter due to the level of muscular stimulation. Exercised muscle has long been known to release ammonia (Bollman et al., 1926) . The most immediate and predominant source of ammonia seems to arise from adenosine monophosphate (Lowenstein and Goodman, 1978) . Ammonia arising from some of the amino acids is coupled with transamination of a-ketoglutarate (Goldberg and Chang, 1978) . Because there is no urea cycle in muscle (Bollman et al., 1926) , it would be expected that ammonia accumulation would occur, although other mechanisms may remove some of the ammonia (i.e., pyruvate conversion to alanine, glutamine synthesis from glutamate). As expected, perfusate urea N levels were unaffected by time or treatment (average concentrations were 13.6, 12.5 and 13.2 mg/dl for control, low-and high-stimulation groups, respectively). Toxic effects of accumulated ammonia on muscle metabolism were not observed in this or earlier experiments (Cross et al., 1974a,b; Boling et al., 1977) .
Perfusate amino acid concentrations (pmol/dl) at 0-, 2-and 122-min sampling times are presented in table 4. There were no observed differences (P>.05) among treatments at time 0, indicating homogeneity of perfusate amino acids. After 2 rain of perfusion, all amino acid levels decreased except glutamine, methionine and histidine. This was probably due to a depletion of extravascular amino acids during the wash-out period. After 122 min, several noticeable changes had occurred. Glutamine, isoleucine, lysine, phenylalanine and tyrosine were increased (P<.05) by electrically stimulated muscular contraction. Threonine, alanine, serine, glutamic acid, valine, cystine, leucine, histidine, arginine, essential amino acids and nonessential amino acids were also numerically increased, but these were not statistically significant (P>.05). This indicates that there was a net release of amino acids into the perfusing medium.
The total branched chain amino acid levels are shown in table 5. There was no difference in time 0 levels of branched chain amino acids, but low electrical stimulation had caused a significant decrease by 2 min. This was obvious both as absolute concentration and as a percentage of the total amino acids. The high stimulation response was intermediate between control and low stimulation. Because branched chain amino acids are readily utilized by skeletal muscle for energy metabolism (Goldberg and Odessey, 1972) , it is possible that stimulation caused increased utilization of branched chain amino acids for this purpose. There was little difference at the 122-min sampling time in branched chain amino acids as a percentage of the total or essential amino acids. It should be pointed out that even though the hind limb preparation is predominantly muscle, the quantity of adipose present could have an appreciable influence on metabolites related to lipid metabolism. There was evidence of a considerable effect of perfusion time on branched chain amino acid concentrations in all treatments. After only 2 min of perfusion, a trend toward a decline in all treatments was observed. By the 122-min sampling time, these time differences were significant (P<.05). The branched chain amino acids as a percentage of total and essential amino acids were also decreased (P<.05) in all treatments when 122-min perfusate samples were compared with initial and 2-min values. These decreases may have been related to the decrease in glucose levels (table 2) because alternate energy substrates would be utilized more as glucose concentrations decreased. Uniformly labelled 14C-lysine was added to the initial perfusate to give an average time 0 level of radioactivity of 25.22 • 103 dpm/ml. Radioactivity (dpm) of the whole and deproteinized perfusate is presented in table 6. Whole plasma perfusate dpm decreased with time for each treatment group. Electrical stimulation had no significant effect on perfusate total radioactivity. Trichloroacetic acid deproteinized plasma radioactivity also decreased with time for each treatment group. A comparison of whole and deproteinized plasma radioactivity indicated that most of the radioactivity was associated with the protein-free portion of the perfusate.
Trichloroacetic acid precipitable radioactivity (presumably an indication of protein .0% of the total perfusate radioactivity for control, low and high stimulation, respectively. Cross et al. (1974a) used 14C-leucine and observed approximately 13% TCA precipitable radioactivity. Boling et al. (1977) found that approximately 20% of total radioactivity was precipitated by TCA when 14C-lysine was used. This suggests that specific or nonspecific amino acid carriers rapidly bind substantial portions of amino acids for transport by the blood. At the 122-min sampling time, the dpm of perfusate radioactivity was 8.5, 13.5 and 12.3% of the time 0 value for control, low and high stimulation treatments, respectively. This indicates a considerable uptake of plasma lysine, with a trend for mediation during muscular activity. However, total free lysine did not show a similar decrease. Plasma free lysine after 122 min of perfusion was 67.2, 107.7 and 91.2% of the initial value for control, low and high stimulated groups, respectively. This suggests that amino acids were being continually removed from the perfusate while plasma levels of lysine were being maintained by release of amino acids from muscle amino acid pools. This is supported by previously published research from our laboratory (Boling et al., 1977) , and others (Christensen, 1964) .
Because there was a trend for muscular activity to increase the level of radioactivity remaining in the perfusate, it was not unexpected to find that tissue uptake of 14C-lysine was impeded by low and high stimulation, as shown by the level of incorporation of radioactivity into muscle tissue (table 7) . Similar trends were observed when time 0 perfusate specific activities were used to calculate total lysine uptake (table 7). The TCA precipitable lysine was higher (P<.05) for the control as compared with the stimulated treatment groups (17.9, 5.7 and 3.6% of total lysine uptake in control, low and high stimulated groups, respectively). The data in this study therefore indicate that activity of perfused muscle had an adverse effect on the uptake of lysine by the muscle, and an even more pronounced effect on the incorporation of lysine into protein.
The data reported herein show that anaerobic utilization of glucose in isolated ovine hind limbs increased as the level of activity increased. This resulted in increased lactic acid production and a simultaneous decrease b'CMeans on the same line bearing differewt superscripts differ (P<.OS).
